Fibrous diamond growth zones often contain abundant high-density fluid (HDF) inclusions and these provide the most direct information on diamond-forming fluids. Noble gases are incompatible elements and particularly useful in evaluating large-scale mantle processes. This study further constrains the evolution and origin of the HDFs by combining noble gas systematics with δ He production.
Introduction
Sub-micrometer inclusions are found in fibrous diamonds, fibrous coats around octahedral diamonds, cloudy zones (Navon et al. 1988; Navon 1999) , and along twin lines in monocrystalline diamonds (Jablon and Navon 2016) . These sub-micrometer inclusions consist of minerals and/or HDFs. HDF inclusions probably reflect the diamond-forming medium and provide the most direct evidence on the source, composition and evolution of the diamond-forming fluids. It is important to constrain the origin and evolution of the diamond-forming media to better understand diamond formation and fluid evolution processes in the mantle.
Four end-member HDFs have been defined in diamonds, based on major element compositions: silicic, low-Mg carbonatitic, high-Mg carbonatitic, and saline HDFs (Schrauder and Navon 1994; Izraeli et al. 2001; KleinBenDavid et al. 2009 ). Continuous arrays exist between the silicic and low-Mg carbonatitic end-member (e.g. Navon et al. 1988; Schrauder and Navon 1994) , and between the saline and high-Mg carbonatitic end-member (Klein-BenDavid et al. 2004) . Several studies have used these major element compositions to determine the processes that might explain the two Editorial handling: O. Navon
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arrays and evolution of the HDFs (Schrauder and Navon 1994; Klein-BenDavid et al. 2004 Weiss et al. 2015) , such as fractional crystallisation, mixing, interaction with wall rock, and melt extraction. These studies have also provided important insights into the source(s) of these HDFs. However, the exact origin and evolution of the various HDF endmembers remains poorly constrained. Trace elements of different HDF end-members have been determined in an attempt to further constrain HDF evolution. Trace element patterns without large anomalies ('planed'), and patterns with elevated Ba, U, Th, LREE and depleted Nb, Ta, and alkalis ('ribbed'), have been found in all HDF end-members (Weiss et al. 2013) , showing that the trace elements are not directly coupled to the major elements. Based on 87 Sr/ 86 Sr compositions and trace element signatures, Weiss et al. (2015) suggested that the saline HDF was sourced from subducting slabs, and subsequently interacted with peridotitic lithospheric mantle to produce the carbonatitic HDFs; in contrast, interaction with eclogitic material might be responsible for silicic HDFs.
Noble gases are particularly sensitive indicators of mixing, melt migration, partial melting and degassing processes in the mantle, due to their extreme incompatibility and a wide range of high solubilities and diffusivities for the different noble gases. Thus, noble gases have the potential to provide new insights into the origin and evolution of diamond-bearing fluids. In addition, subducted material and sub-continental lithospheric mantle have very different noble gas elemental and isotopic compositions; therefore, noble gases can also be used to determine the influence of subducted components. To this end, we combine noble gas concentration and isotopic compositional data with HDF inclusion compositional information. As noble gases are primarily concentrated in the HDF inclusions in diamonds (Ozima and Zashu 1991; Johnson et al. 2000; Burgess et al. 2009 ), they provide an alternative approach to investigating the origin of diamond-forming fluids.
In this study, we present HDF major element compositions, He, Ar, and Xe isotope compositions and He-Ne-Ar-Kr-Xe elemental abundances for fibrous diamonds from the Finsch (n = 3), DeBeers Pool (n = 7) and Koffiefontein (n = 3) kimberlites. These kimberlites are located within the Archean Kaapvaal Craton and have yielded a vast array of xenoliths and diamonds for study. As a result, the geology of the underlying sub-continental lithospheric mantle (SCLM) is exceptionally well constrained, thus providing clear context for the interpretation of the new noble gas data. Consequently, the noble gas data provide new insights into the source(s) of diamondforming fluids and the transfer of volatiles in the SCLM.
Geological background
The Finsch, DeBeers Pool and Koffiefontein kimberlites are located on the western margin of the Kimberley Block in the Kaapvaal Craton, South Africa. The Finsch kimberlite has an eruption age of ca.118 Ma (Smith et al. 1985) and is classified as an orangeite (or Group II kimberlite). The Koffiefontein (90.4 Ma; Davis 1978; Rickard et al. 1989) and DeBeers Pool kimberlites (84 Ma; Allsopp et al. 1989 ) have younger eruption ages and are classified as archetypal Group I kimberlites. Archaean monocrystalline peridotitic diamonds from DeBeers Pool were formed in a depleted dunite-harzburgitic mantle (Phillips et al. 2004) , and over time the lithosphere beneath the Kimberley region was metasomatised, with more re-enriched lherzolite present in the mantle during Group I compared to Group II kimberlite events (Griffin et al. 2003) . Based on counting statistics from inclusion-bearing diamonds (Gurney et al. 1979; Harris et al. 1984; Gurney et al. 1986; Wilding 1990; Rickard et al. 1989) , all localities have diamonds with a dominantly peridotitic paragenesis that probably formed under lithospheric conditions. Previous studies have shown that fibrous diamonds from DeBeers Pool (Weiss et al. 2013) and Koffiefontein (Izraeli et al. 2001 Timmerman et al. 2018 ) commonly host saline HDFs, although a few carbonatitic and silicic HDF-bearing diamonds were also identified.
Analytical approach

Overview
Carbon isotope compositions, HDF inclusion compositions, N concentrations and aggregation states were measured in situ on core to rim transects, based on cathodoluminescence (CL) images of growth structures. Relevant CL images and photographs of the unpolished samples are shown in Electronic Supplementary Material 1. δ
13
C VPDB values were determined using the Sensitive High Resolution Ion Microprobe -Stable Isotopes (SHRIMP-SI), and N contents were obtained from Fourier-Transform infrared absorption (FTIR) analyses. HDF major element compositions were determined using energydispersive X-ray spectroscopy (EDS) in a scanning electron microscope (SEM; results in Electronic Supplementary Material 2), and noble gas abundances and isotopic compositions were measured on a VG5400 mass spectrometer, using crushing experiments. Location identifiers preceding sample numbers are abbreviated to FIN (Finsch), DBP (DeBeers Pool), and KOF (Koffiefontein).
FTIR: nitrogen content
Each diamond was polished into thick plates along the 100 direction for cubic morphologies and 110 direction for dodecahedral shapes. The growth structure (see Electronic supplementary material 1) was recorded through CL imaging with a Robinson CL detector on a JEOL JSM-6610-A set at a beam of 15 kV. Spot measurements for nitrogen with a 100 × 100 μm aperture size along line transects were performed for diamonds FIN01, FIN03, KOF17, KOF18, KOF19 on a Hyperion2000 microscope attached to a Bruker FT-IR equipped with a KBr beam splitter, 15× condenser lens and liquid nitrogen cooled detector. Bulk spectra with a 1.2 mm aperture size were collected on the bench of the Bruker FT-IR for samples DBP7, DBP9, and DBP10. All spectra were taken in transmission mode form 4000 to 650 cm −1 for 200 scans at a resolution of 4 cm −1 .
The opaqueness of fibrous diamonds results in difficulty in obtaining good transmission spectra. Diamonds FIN2, DBP6, DBP8, DBP14, and DBP15 were too opaque to collect any quantifiable infrared spectra. Further, the fit of the decomposition of spectra of diamond 3 was poor due to extremely low nitrogen concentrations. A background spectrum was taken before measuring each spectrum. After background and baseline corrections, normalisation to 1 cm thickness (11.94 cm
; Mendelssohn and Milledge 1995) and subtraction of a type II spectrum, each sample spectrum was decomposed into the different nitrogen components using the spreadsheet cabxd97n of D. Fisher (DTC research centre, UK). Replicate analyses indicate an internal error of~10% in the estimation of nitrogen concentrations, total errors are higher, particularly for saturated spectra. The data of the spectra (without normalisation and substraction of type II spectrum) and images of the fit and residual after decomposing the spectrum in the nitrogen area are provided in Electronic Supplementary Material 3.
SHRIMP-SI: carbon isotope composition
Carbon isotope compositions were measured along core to rim traverses on the SHRIMP-SI with a 15 keV 133 Cs + primary beam, 13 nA current and 27 μm spot size. Each analysis consisted of 6 backgrounds of 20 s and 6 sample scans of 20 s. Samples FIN01, FIN02, FIN03, KOF17, and KOF18 were measured on 6-7 July 2015 and yielded average standard values of −8.87 ± 0.27‰ (2sd) for MC08 (n = 57; −8.85‰ vs PDB; Stern et al. 2014 ) and − 24.87 ± 0.30‰ (2sd) for in-house standard BS249 (n = 61). Samples DBP06, DBP07, DBP08, DBP09, DBP10, DBP14, DBP15, and DBP19 were measured on 13-14 October 2015 and had standard values of −8.85 ± 0.31‰ (2sd) for MC08 (n = 27) and − 24.90 ± 0.19‰ (2sd) for inhouse standard BS249 (n = 92). δ 13 C values were calculated relative to PDB, based on the standard values of MC08. Typical signal counts were 2.8-2.9 × 10 9 cps for 12 C-and 2.7-3.1 × 10 7 cps for 13 C-on the 6-7 July and 3.4-3.9 × 10 9 cps for 12 C-and 3.6-4.1 × 10 7 cps for 13 Con the 13-14 October 2015. The width of the source slit was 20 μm and the collector slit was 200 and 300 μm for 13 C and 12 C respectively.
SEM-EDS: major element composition and inclusion population density
Micro-inclusions were measured for the elements Na, K, Al, Si, Mg, Ca, Fe, Ti, P, Cl, and Ba and signals were collected with an 80 mm 2 X-max energy dispersive spectrometer on a Hitachi 4300 FE/SEM. Back scattered electron (BSE) imaging was used to find the inclusions, whereas secondary electron imaging was used to determine if the inclusion is below surface. The analyses were collected at 15 kV, a beam current of 1.3 nA and 60 s counting time and the data were reduced with a ZAF correction routine. The total of each analysis is dependent on the depth of the inclusion, its size and the amount of volatiles (carbonate, water). In order to compare the different analyses, the low total oxide (+Cl) contents were normalised to 100% on a carbon and water-free basis.
The BSE images were processed for colour intensity (black for diamond, lighter colours for inclusions) using the ImageJ software. Using the colour intensity counting statistics and assuming a back-scatter excitation depth of 1 μm, the percentage of micro-inclusions was estimated. The inclusion population density of each growth zone, estimated from BSE images, was compared to the inclusion population density estimated from the FTIR spectra. The peak height of each mineral in the FTIR spectra was converted to a ppm concentration (see Weiss et al. 2010 ) and all mineral concentrations were combined to estimate the total concentration of inclusions in the diamond samples (Electronic Supplementary Material 3). The above procedure was only relevant for the carbonatitic and silicic HDF-bearing diamonds (FIN01, FIN03, KOF17, KOF18), as halides in saline HDF-bearing diamonds are not detected by standard FTIR methods (Weiss et al. 2010) ; the latter problem results in an underestimation of inclusion population density. The results of the above two approaches are broadly similar (same order of magnitude), except for KOF17, which yielded large variations in FTIR peaks. This demonstrates that the BSE images can be used for a first order estimation of inclusion population densities (Electronic Supplementary Material 3).
Noble gas mass spectrometry
Diamond fragments were cleaned in conc. HF and 6 M HCl both at 110°C overnight. Subsequently the fragments were placed in an ultrasonic bath for 10 min in Milli-Q water and finally distilled acetone before drying and weighing into stainless steel crusher vials. The crusher vials were cleaned by scrubbing with sandpaper and demineralised water, followed by 15 min ultrasonic baths in acetone and 1:1 methanol: ethanol. After loading the samples, the crusher system was baked at 150°C overnight and the sample system of the VG5400 noble gas mass spectrometer was baked for 14 h at 200°C. Pre-crushing with 1000 strokes of an empty vial was performed to remove any air pockets from the system. Testing of a sample showed that with continued linear amounts of crushing the amount of gas release decreased exponentially. After 2000 strokes the diamond is powdered and starts to act as a buffer, preventing finer crushing. For this reason, blank and sample measurements consisted of 2000 strokes. The released gas was purified by a Ti bulk getter at 610°C, trapped to a cold finger and let into the mass spectrometer with an acceleration voltage of 4.5 kV and trap current of 200 μA. Xe in ccSTP/g. All analyses were blank and neon interference corrected.
Results
N content and C isotope composition
Micro-inclusion compositions
Most of the diamonds (9 of 13 diamonds) in this study have saline HDF inclusion compositions ( Fig. 1a-d ) and there were only one silicic, one low-Mg carbonatitic and two high-Mg carbonatitic HDF-bearing diamonds. Compared to saline HDF inclusions examined in previous studies (Izraeli et al. 2001 Tomlinson et al. 2006) , the inclusions in this study are enriched in Na and slightly depleted in Si and Al (Fig. 1b) . The carbonatitic to silicic HDF inclusions in this study have relatively higher Ca-Mg-Fe (Fig. 1b ) compared to inclusions from other studies (Navon et al. 1988; Schrauder and Navon 1994) . Diamond KOF19 likely contains a mixture of saline HDF/halide plus (K,Na)-carbonate inclusions, indicative of an association with a saline HDF composition.
Several diamonds contained micro-mineral inclusions (Table S1 ; Electronic Supplementary Material 2). Olivine with a Mg# (= 100 Mg/(Mg + Fe)) of 92.2-92.6 was found in diamonds DBP10 and DBP14; this composition is close to the mean for olivine inclusions from lherzolitic diamonds worldwide (Stachel and Harris 2008) . Enstatite was present in diamonds DBP14 and DBP15 with Mg# ranging from 86 to 92.1, also within the known global range of 81.1-97.0 (Stachel and Harris 2008) . The enstatite co-existing with olivine in diamond DBP14 has a Mg# of 92.1 and low Al 2 O 3 contents (0.3 wt%), typical of peridotitic inclusions in diamonds (Stachel and Harris 2008) , whereas enstatite inclusions in diamond DBP15 also have low CaO (<0.7 wt%), but a lower Mg# of 86 in the core and higher Al 2 O 3 contents (3.2-7.2 wt%) similar to websteritic pyroxenes. An inclusion in the rim of DBP15 contains both pyroxene and apatite. The pyroxene has a composition similar to the pure enstatite in the same growth zone. Diamond KOF18 contained a peridotitic sulphide with >15 wt% Ni and 35 wt% S. Halides plus (K,Na)-carbonates with high K 2 O/Na 2 O were present in DBP07 (62 wt% K 2 O) and KOF19 (65 wt% K 2 O), and calcite was present in KOF17 (Table S1 ; Electronic Supplementary Material 2).
Sample separation based on chemical characteristics
The growth structures, C isotopic compositions, N contents, inclusion population densities and major element compositions were assessed to determine whether samples could be analysed as a single stone or required fragmentation into separate core, intermediate and rim zones for noble gas measurements. Samples were then broken according to differences in these characteristics to determine whether identifiable growth or compositional zones contain variable noble gas concentrations/compositions. Different growth zones were marked in different colours with permanent marker pens to identify them after breakage.
Based on large differences in inclusion population densities and growth structure (fibrous to polycrystalline), diamonds FIN01, DBP08, DBP09, and DBP15 were broken into separate growth zones. Most of the diamonds have consistent δ
13
C VPDB values throughout the diamond; exceptions include diamonds DBP07 (1.6‰ difference between core and rim) and DBP10 (3‰ difference between core and intermediate-rim zones; Table S4 ; Electronic Supplementary Material 2) and these growth zone fragments were used for separate noble gas analyses. Diamonds KOF17 and (possibly) KOF19 showed a decrease in nitrogen content towards the rim (Table S3 ; Electronic Supplementary Material 2), and were separated into two fractions (core and rim) for noble gas analyses.
Noble gas isotope compositions and abundances
4
He concentrations in the diamonds have a wide range from 0.3 to 65.1 × 10 −6 ccSTP/g ( Fig. 2a) , which in part may be ) range from 1.9 to 6.7. A relatively large range in R/Ra (3.2-6.7) is found in silicic and carbonatitic HDF-bearing diamonds of this study, given their low 4 He concentrations (Fig. 2b) . The saline diamonds show a decreasing R/Ra from 5.7 to 1.9 with increasing 4 He concentrations. Most of the R/Ra values fall within the known range for the sub-continental lithospheric mantle (average R/Ra of 5.9 ± 1.2; Day et al. 2005) and are similar to fibrous diamonds studied using noble gas stepheating methods (3.0-7.2 R/Ra for Panda, Canada; Jwaneng, Botswana; and the Congo; Burgess et al. 1998; Wada and Matsuda 1998; Burgess et al. 2009 ). Despite the large differences in He concentrations, the concentrations of the heavy noble gases for the different HDF end-members overlap ( Fig.  2c ; Table 2 . Elemental fractionation of noble gases (Izraeli et al. 2001 , Jwaneng (Schrauder and Navon 1994) , and Zaire (Navon et al. 1988; Schrauder and Navon 1994) Ar) elemental abundance patterns are similar (Fig. 2e) Ar, and subsequently expressed relative to the MORB abundance ratio (Moreira et al. 1998 ). f) Xenon isotope compositions (+1SD) with mixing lines of air with MORB, OIB (Iceland plume), and crust (Staudacher and Allègre 1982) . One sample is lower than the atmospheric composition, but within 2SD uncertainty DBP09c 29.9 1.02E-05 8.39E-08 6.74E-11 1.73E-12 4.67 0.12 3.37E-10 1.05E-10 7.67E-07 3.03E-08 2765 326 5.01E-11 1.27E-12 6.24E-12 1.42E-13 DBP10a 12.6 3.36E-06 3.05E-08 n.a. Ar ratios are relatively enriched, above MORB values (Fig. 2e) . Most Kr isotopic compositions are within uncertainty (at 2SD) of air values, and some samples indicate possible isotopic mass fractionation generated by atmospheric Kr ( Fig. 2d ; Table S5 ; Electronic Supplementary Material 2); consequently, these results are not discussed further. Xe isotopic compositions observed in high-Mg carbonatitic and saline diamond samples lie on a mixing line between air and MORB (Staudacher and Allègre 1982) (Fig. 2f) . Three samples (FIN02, DBP08a, DBP15b) lie on a mixing line between crustal and atmospheric Xe (Fig. 2f) .
Discussion
Causes of differences in noble gas concentrations and isotopic compositions
The saline HDF-bearing diamonds from DeBeers Pool (this study) and from Panda on the Slave Craton (Burgess et al. 2009) He concentrations, but higher R/Ra values (R/Ra of 5.0-5.7). As there is an apparent correlation between HDF compositions and He concentrations (Fig. 5a ), but not with Ar-Kr-Xe concentrations, the differences in He concentration cannot be caused simply by differences in inclusion population densities and must be related to HDF composition. As each HDF type has its own characteristics, the abundance and isotopic compositional differences between the different HDF end-members are likely related to the source and evolution of the HDF(s). Influences on the He and Ar abundances and isotopic compositions by the radiogenic ingrowth of He concentrations (Fig.  2b) , suggesting the addition of in situ produced radiogenic 4 He over time. In addition, the 40 Ar ingrowth may be significant. For example, the importance of 4 He ingrowth becomes clear in diamonds DBP09 and DBP15, where growth zones were divided on the basis of differences in inclusion population density. For both diamonds the core has much higher He concentrations, with lower R/Ra values, compared to the intermediate and rim zones (e.g. Fig. 3 ). This might be caused by higher U-Th/ 3 He ratios in the core and/or a longer time period for ingrowth of radiogenic 4 He. The preserved differences in isotopic compositions and concentrations between growth zones in diamonds DBP09 and DBP15 also confirm the slow rates of He diffusion reported in prior studies of natural diamonds (see also Kurz et al. 1987) , and indicate that He from HDF inclusions is unlikely to re-distribute uniformly within a diamond after its formation. No significant differences in He isotope compositions were found in diamonds where growth zones were separated based on N, δ 13 C, or growth structure. Literature data (Schrauder et al. 1996; Weiss et al. 2013) show that silicic diamonds have a larger spread in U/K ratios and U concentrations than saline diamonds. These data can be Ar ratio of 381, based on the lowest measured ratios in our samples (Fig. 4a) , then the higher K contents in the saline HDF inclusions can explain most, but not all, the variation in Ar ingrowth amount is an upper estimate. For He isotope compositions, the majority of results for saline diamonds can be explained by 4 He ingrowth after kimberlite eruption, assuming a starting composition 7.7 R/Ra, thus accounting for even the highest R/Ra values (Fig. 4b) . Further studies are needed to determine both U-Th-K and noble gas data on the same diamonds. Some fibrous diamonds could be significantly older than the host kimberlite eruption age, as indicated by the presence of nitrogen in B-centres (Type IaAB) in some fibrous diamonds from Finsch and DeBeers Pool, South Africa (e.g. Weiss et al. 2014; Weiss et al. 2018) and Russia (e.g. Zedgenizov et al. 2006 ). However, as discussed below, the variations noted above could also be caused by fluid processes in the mantle and the source region.
Fluid and mantle processes
General remarks
Given the differences in the range of He and Ar elemental and isotopic compositions between saline, silicic and carbonatitic HDFs, radiogenic ingrowth cannot be the only factor responsible for variations in the observed present-day noble gas compositions. Fractional crystallisation, immiscibility, mixing, and interaction with the wall-rock have been suggested as possible causes for the continuous major element arrays observed between saline and high-Mg carbonatitic and between silicic and low-Mg carbonatitic HDFs (Klein-BenDavid et al. 2007 and references therein). These possibilities are discussed below in the light of the noble gas data.
Fractional crystallisation
The changes in major element composition from carbonatitic to silicic HDF have been attributed to fractional crystallisation of carbonates and other phases (Schrauder and Navon 1994) . However, fractional crystallisation of minerals is highly unlikely to cause differences in noble gas isotope compositions, as all noble gases are highly incompatible; for example, 40 Ar will not fractionate from 36 Ar at mantle temperatures. Therefore, the comparable He and Ar isotope compositions in carbonatitic and silicic HDFs indicate fractional crystallisation is a possible mechanism to explain the evolution from carbonatitic to silicic compositions. However, given the difference in 40 Ar/
36
Ar ratios between high-Mg carbonatitic (390-680) and saline 200) , HDF evolution from carbonatitic to saline compositions, or vice versa, cannot be explained by fractional crystallisation processes.
Immiscibility
The compositional gap between silicic and saline HDF inclusions has been attributed to separation of an immiscible carbonatitic fluid after the crystallisation of Mg-carbonates (Klein-BenDavid et al. 2007 ). Lighter noble gases diffuse He. An initial R/Ra value of 7.7 was assumed. Grey diamond symbols represent saline diamonds from Panda (Burgess et al. 2009 ), green square symbols the saline diamonds from DeBeers Pool and Koffiefontein (this study) faster than heavier noble gases (Burnard 2004 ) and could partition preferentially into the fluid. In addition to elemental fractionation of Ar-Kr-Xe with respect to He, fractionation of K from U-Th, and high field strength elements from noble gases are also possible (during immiscibility). At present the extent of this fractionation is not known, but low pressure (1 GPa), medium temperature (800°C) experiments of immiscible chloride-silicate melts indicate that K partitions preferentially into the chloride melt, whereas U and Th partition into the silicate melt (Veksler et al. 2012 He ratios over time between the silicic and saline HDFs. Although fundamental data, including partitioning of noble gases are not available, several features appear inconsistent with HDF evolution by immiscibility. These include the generally higher U concentrations (Weiss et al. 2013; Schrauder et al. 1996 ) but higher R/Ra values for a given 3 He concentration in diamonds with saline HDFs compared to those with silicic to low Mg carbonatitic HDFs. In addition, although He concentrations are higher in diamonds with saline HDFs, concentrations of heavy noble gases appear to be similar in both siliciccarbonatititic and saline diamonds.
Mixing
Trace elements and Sr-Nd-Pb isotopic compositions of fibrous diamonds have been used as evidence for mixed fluids (KleinBenDavid et al. 2010) . Some of the variation in noble gas compositions could potentially be caused by mixing between different HDFs. Helium (both 3 He and 4 He) concentrations generally decrease with increasing MgO (Fig. 5a) Ar ratios are commonly lower with increasing MgO content and decreasing Cl content (Fig. 5b, c) . However, these trends do not follow a perfect mixing line, implying that mixing is not the only process involved.
Interaction with the wall-rock
Metasomatic interaction of HDFs with the wall rock in the SCLM, either eclogitic or peridotitic, has been suggested as a process capable of generating variations from carbonatitic to silicic or saline HDFs (Klein-BenDavid et al. 2007) . A decrease in Mg# found from carbonatitic to silicic or saline compositions could be evidence of interaction with the wall rock (Klein-BenDavid et al. 2007 ). Interaction with peridotite will result in a shift in noble gas compositions towards higher 40 Ar ratios measured in diamonds from the SCLM; Burgess et al. 2009 ) and R/Ra values of 5.9 ± 1.2 (Day et al. 2005) . Some of the saline HDFs have elevated 40 Ar/ 36 Ar ratios (this study, Burgess et al. 2009 ) and R/Ra values of mostly 3.9-5.7, similar to peridotite in the SCLM. This suggests that the saline HDF noble gas characteristics could be explained by the influence of mantle peridotite. In addition, interaction with the wall-rock might account for the high He concentrations found in saline HDFs, because, during percolation through the SCLM prior to diamond formation, HDFs will scavenge light noble gases (Heber et al. 2007 He; Day et al. 2005) . The trend from saline to carbonatitic HDF compositions has been attributed to interaction with peridotitic wall rock (Weiss et al. 2015) . In the present study, however, a trend towards more peridotitic noble gas characteristics is observed from high-Mg carbonatitic to saline HDFs ( Ar vs Cl and MgO content), which is the opposite to that predicted.
Conversely, silicic HDFs have been widely proposed to be related to eclogitic rocks (Weiss et al. 2015 and references therein). Assuming a subduction origin for the eclogite, these rocks should contain lower light noble gas concentrations compared to peridotitic rocks, due to He-Ne loss during subduction, making the residual component more susceptible to ingrowth of 4 He by U and Th supplied from the subducted material. This is consistent with the current limited data for silicic to low-Mg carbonatitic HDFs, which exhibit low He ingrowth. Fluids produced from water-rich sediments (MAG-1 USGS marine mud) during experiments at 5-7 GPa have similar major element compositions to silicic HDFs found in diamonds (Rapp et al. 2017) and support a subducted sediment origin for silicic diamond-forming fluids.
Origin of fluids
Previous studies have suggested kimberlitic fluids as the source of carbonatitic HDF-bearing diamonds (Boyd et al. 1992; Klein-BenDavid et al. 2007 ) and subducting slab fluids as the source for saline HDF-bearing diamonds (Weiss et al. 2015) . Carbonatite rocks from Brazil, Russia and Tanzania are characterised by R/Ra values of 0.007 to 7.6 and 40 Ar/ 36 Ar ratios generally <5000 and as low as 302 (Tolstikhin et al. 1985; Javoy et al. 1989; Sasada et al. 1997 Xe elemental ratios of all the measured fibrous diamonds in this study fall in the compositional field for sea-water, sediments and crustal end-members and are distinct from atmospheric Ar/Xe and Kr/Xe compositions (Fig. 5d) . Xenon isotope compositions plot on air-MORB and air-crust (enriched in spontaneous fission Xe from 238 U) arrays, also indicative of mantle and crustal components (Fig. 2f) . Various studies show heavy noble gases are subducted to some extent (Staudacher and Allègre 1988; Holland and Ballentine 2006; Kendrick et al. 2011) . The low atmospheric abundance of He and Ne, low water solubility, high diffusivity of He in sedimentary material (Hilton et al. 1992 ) and the interaction of magmas with the crust during ascent and possible 4 He ingrowth (Hilton et al. 2002) have led to the conclusion that the light noble gases He and Ne are not significantly subducted into the mantle (Ballentine and Holland 2008) . However, low R/Ra values can still be generated by low initial 3 He concentrations and radiogenic 4 He ingrowth in a few million years from high U and Th concentrations in slab-derived fluids (Brandon et al. 1999) . A subducted sediment origin is consistent with the low He contents, range in R/Ra values, and low Results from KOF19 were excluded from this graph as its major element composition represents a mixture of saline HDF/halides + (K,Na) carbonates instead of a pure HDF composition. Ar ratios are changed less easily upon interaction with peridotite in the SCLM. An origin for saline HDFs from the subducting slab is supported by relatively high Cl contents and Cl/K found in oceanic intraplate basalts, with Cl inferred to be sourced from recycled altered oceanic lithosphere (Stroncik and Haase 2004 Ar*/Cl ratios similar to the upper mantle (Turner et al. 1990; Johnson et al. 2000; Burgess et al. 2002) . These characteristics do not support a subduction origin and imply a relatively constant 40 Ar*/Cl ratio for the HDFs and limited radiogenic 40 Ar ingrowth.
Conclusions
This research has resulted in two major conclusions. First, noble gas analyses of individual growth zones from 13 diamonds of the Finsch (n = 3), DeBeers Pool (n = 7), and Koffiefontein (n = 3) kimberlite mines reveal saline HDFs with high He concentrations, R/Ra values mostly between 3.9 and 5.7, and a wide range in 40 Ar ratios of carbonatitic, silicic, and some saline HDFs also point to a subduction origin. These noble gas data are in agreement with a subducted sediment origin for silicic HDFs and a subducted oceanic crust origin for saline HDFs, based on major element, trace element and Sr isotope evidence of previous studies. Second, the radiogenic noble gas isotope ( 
